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Solar energy device (100) comprising at least one of a
photovoltaic cell or a solar thermal collector (101) having an
absorption bandwidth in the infrared wavelength region of
the solar spectrum; a visible light-transmitting reflector
(103); and at least one of a graphic film or lighted display
(105). The graphic film or a lighted display present 1s visible
through the visible light-transmitting reflector. The solar
energy devices can be used, for example, as a sign (e.g., an
advertising sign or a traffic sign), on the side and/or roof, as
well as 1n a window, of a building.
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1
SOLAR ENERGY DEVICES

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a national stage filing under 35 U.S.C.

371 of PCT/US2014/044006, filed Jun. 25, 2014, which
claims priority to U.S. Provisional Application No. 61/841,
565, filed Jul. 1, 2013, the disclosure of which 1s 1corpo-
rated by reference 1n 1ts/their entirety herein.

BACKGROUND

It 1s known to 1nstall and/or integrate photovoltaic devices
and systems into commercial and residential buildings. Such
systems have generally been limited to conventional rooi-
top based systems that may have limited photovoltaic capa-
bility and little aesthetic appeal. Conventional rooi-top
based systems typically depend on racking systems, which
typically are not suitable, for example, for integrating nto a
vertical building face 1n an attractive and convenient manner
and may have limited suitability 1n other configurations also.

In concentrated photovoltaic applications, conventional
solar concentrating mirrors are typically used to direct broad
bandwidths of solar energy onto a photovoltaic cell or solar
heat transier element. However, electromagnetic radiation of
certain wavelengths reflected from the solar concentrating
mirror onto the solar element may adversely aflect the solar
clement. For example, certain wavelengths in the infrared
spectrum can cause certain photovoltaic cells to undesirably
increase 1n temperature. As a result, the photovoltaic cells
may lose efliciency and degrade over time due the excessive
thermal exposure. In addition, broadband mirrors which
reflect visible light can be blinding at certain angles, and
objectionable to some for aesthetic reasons. Broadband
mirrors are also used 1n concentrating solar thermal panels
to heat fluids, but again lack aesthetic appeal for building
integration, and stray reflections can be blinding 1n systems
that do not track the sun. Long term exposure to ultraviolet
(UV) light also typically leads to premature degradation of
components of the photovoltaic cell. Some solar concentrat-
ing mirrors that retlect wavelengths corresponding to the
absorption bandwidth of a selected solar cell and either
transmits or absorbs a major portion of light outside this
bandwidth have been disclosed (see, e.g., Int. Pat. App. Pub.
No. WO 2009/140493 (Hebrink et al.), published Nov. 19,
2009).

SUMMARY

In one aspect, the present disclosure describes a solar
energy device comprising:

at least one of a photovoltaic cell or a solar thermal
collector having an absorption bandwidth that includes
at least a portion (e.g., at least 1n a 100 nm range; 1n
some embodiments, at least 1n a 200 nm, 300 nm, 400
nm, 500 nm, 600 nm, 700 nm, 800 nm, 900 nm, or even
at least 1000 nm range) of the near infrared wavelength
region of the solar spectrum (1.e., at least a portion in
a range from 800 nm to 1200 nm);

a visible light-transmitting reflector having first and sec-

ond generally opposed major surfaces, the visible light-
transmitting reflector positioned to retlect light from the
first major surface onto the at least one of a photovol-
taic cell or a solar thermal collector, the visible light-
transmitting retlector comprising a multilayer optical
film having an optical stack comprising a plurality of
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alternating first and second optical layers with different

indices of refraction, wherein the multilayer optical

film reflects at least a portion of light in a range of
wavelengths that corresponds with the absorption
bandwidth of the at least one of a photovoltaic cell or

a solar thermal collector; and
at least one of a graphic film (in some embodiments, a

partially transmissive graphic film) or lighted display

(e.g., a liquid crystal display) positioned closer to the

second major surface of the visible light-transmitting,

reflector than to the first major surface of the visible
light-transmitting retlector, wherein the graphic film or
lighted display present 1s visible through the visible
light-transmitting reflector.

In another aspect, the present disclosure describes a solar
energy device comprising:

at least one of a photovoltaic cell or a solar thermal
collector having an absorption bandwidth that includes
at least a portion of the near inirared wavelength region
of the solar spectrum (1.e., at least a portion 1n a range
from 800 nm to 1200 nm);

a visible light-transmitting reflector having first and sec-
ond generally opposed major surfaces, the visible light-
transmuitting reflector positioned to retlect light from the
first major surface onto the at least one of a photovol-
taic cell or a solar thermal collector, the visible light-
transmitting reflector comprising a multilayer optical
film having an optical stack comprising a plurality of
alternating first and second optical layers with different
indices of refraction, wherein the multilayer optical
film reflects at least a portion of light in a range of
wavelengths that corresponds with the absorption
bandwidth of the at least one of a photovoltaic cell or
a solar thermal collector; and

a partially transmissive graphic film positioned closer to
the first major surface of the visible light-transmitting
reflector than to the second major surface of the visible
light-transmitting reflector, wherein reflected infrared
light transmits through the partially transmissive
graphic film.

A “graphic film” 1s any film that absorbs at least some
light having wavelengths 1n the visible or near infrared range
and that reflects at least some light 1n the visible range where
the reflected light contains some graphical content. The
graphical content may include patterns, 1mages or other
visual indicia. The graphic film may be a printed film or the
graphic may be created by means other than printing. For
example, the graphic film may be perforated reflective film
with a patterned arrangement of perforations. The graphic
may also be created by embossing. In some embodiments,
the graphic film 1s a partially transmissive graphic film (e.g.,
in use 1n a backlighted sign (e.g., a backlighted, trathic sign)).
Examples of commercially available graphic films are mar-
keted under the trade designation “DI-NOC” by 3M Com-
pany, St. Paul, Minn.

A “photovoltaic cell” 1s a semi-conductor electrical device
that converts electromagnetic energy (e.g., light, including
near inirared) into electricity.

A “solar thermal collector” 1s a device that can convert
clectromagnetic energy from the sun (1.e., sunlight, includ-
ing inirared energy) into thermal energy.

A “solar energy device” 1s a device that can convert
clectromagnetic energy from the sun (1.e., sunlight, includ-
ing infrared energy) into electricity or thermal energy for use
clsewhere.

The term “polymer” refers to a macromolecular com-
pound consisting essentially of one or more repeated mono-
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meric units, or a mixture of macromolecular compounds that
consist essentially of one or more like repeated monomeric
units.

Solar energy devices described herein can be used, for
example, as signs (e.g., an advertising sign or a traflic sign),
on the side and/or roof, as well as 1n a window, of a building
The solar energy device may be installed, for example, as
part of a building and allow visibility of the graphic film or
lighted display positioned closer to the second major surface
of the visible light transmitting reflector. The graphic film
may have the printed appearance, for example, of shingles,
tiles, bricks, stucco, or wood grain for building aesthetics.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 1 1s a schematic front view of an exemplary embodi-
ment of a solar energy device described herein.

FIG. 1A 1s a schematic side view of the exemplary
embodiment solar energy device shown 1 FIG. 1.

FIG. 2 1s a schematic side view of an exemplary embodi-
ment of a solar energy device described herein in use.

FIG. 3 1s a schematic side view of an exemplary embodi-
ment of a solar energy device described herein 1n use.

DETAILED DESCRIPTION

Referring to FIGS. 1 and 1A, solar energy device 100
comprises photovoltaic cell or solar thermal collector 101,
visible light-transmitting reflector 103, and graphic film or
lighted display 105.

Referring to FIGS. 2, solar energy device 200 comprises
photovoltaic cell or solar thermal collector 201, visible
light-transmitting reflector 203, and graphic film or lighted
display 205. Incident sunlight 207 from sun 210 irradiates
directly onto photovoltaic cells or solar thermal collector
201 and visible light transmitting retlectors 203. Near 1nfra-
red portion of energy 209 from sun 210 1s retlected from
visible light-transmitting reflectors 203 onto photovoltaic
cell or solar thermal collector 201. Graphic film or lighted
display 2035 1s viewable through visible light-transmitting
reflector 203.

Referring to FIG. 3, solar energy device 300 comprises
photovoltaic cell or solar thermal collector 301, wvisible
light-transmitting reflector 303, and partially transmissive
graphic film or lighted display 305. Incident sunlight 307
from sun 310 wrradiates onto photovoltaic cells or solar
thermal collector 301 and visible light transmitting reflectors
303 through partially transmissive graphic or lighted display
305. Near infrared portion of energy 309 from sun 310 is
reflected from wvisible light-transmitting reflectors 303
through partially transmissive graphic or lighted display 305
onto photovoltaic cell or solar thermal collector 301.

Exemplary photovoltaic cells include a crystalline silicon
single junction cell, a ribbon silicon cell, an amorphous
s1licon photovoltaic cell, a copper indium gallium selenide
cell, a cadmium telluride photovoltaic cell, an organic pho-
tovoltaic cell, and a gallium arsenide cell.

Exemplary solar thermal collectors include glazed flat
black panels, black water tubes attached to black solar
absorbing fins, and evacuated glass tubes surrounding
absorber tubes, compound parabolic concentrators reflecting
additional infrared light onto solar absorbing tubes.

Solar energy devices described herein include a visible
light-transmitting reflector that comprises a multilayer opti-
cal film having an optical stack with a plurality of alternating
first and second optical layers with different indices of
refraction. Conventional multilayer optical films with alter-
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nating layers of at least one first polymer and one second
polymer may be employed in creating the visible light-
transmitting reflector. By selecting the appropriate layer
pairs with appropriate refractive indices, the layer thickness,
and/or the number of layer pairs, the optical stack can be
designed to transmit or reflect desired wavelengths of light.

By appropnate selection of the first optical layers and the
second optical layers, the visible light transmitting reflector
in the solar energy device disclosed herein can be designed
to reflect or transmit a desired bandwidth of light. Reflection
1s generated at each interface between optical layers 1n an
optical stack, which layers have refractive indices that are
different, n, and n,, respectively. Light that 1s not reflected
at the interface of adjacent optical layers typically passes
through successive layers and 1s either absorbed 1n a sub-
sequent optical layer, reflected at a subsequent interface, or
1s transmitted through the optical stack altogether. Typically,
the optical layers of a given layer pair are selected such as
to be substantially transparent to those light wavelengths at
which retlectivity 1s desired. Light that 1s not reflected at a
layer pair interface passes to the next layer pair interface
where a portion of the light 1s reflected and unretlected light
continues on, and so on. Increasing the number of optical
layers 1n the optical stack may provide more optical power.
In this way, an optical layer stack with many optical layers
1s capable of generating a high degree of reflectivity. For
example, 1f the refractive index between the layer pairs 1s
small, the optical stack may not achieve the desired reflec-
tivity, however by increasing the number of layer pairs,
suflicient reflectivity may be achieved. In some embodi-
ments of the present disclosure, the optical stack comprises
at least 2 first optical layers and at least 2 second optical
layers, at least 5 first optical layers and at least 5 second
optical layers, at least 50 first optical layers and at least 50
second optical layers, at least 200 first optical layers and at
least 200 second optical layers, at least 500 first optical
layers and at least 500 second optical layers, or at least 1000
first optical layers and at least 1000 second optical layers. In
general, at least a portion of the first optical layers and at
least a portion of the second optical layers are in intimate
contact.

In general, the reflectivity of the interface of adjacent
optical layers 1s proportional to the square of the difference
in 1ndex of refraction of the first optical layer and the second
optical layer at the reflecting wavelength. The absolute
difference in refractive index between the layer pair (n,-n,)
1s typically 0.1 or larger. Higher refractive index differences
between the first optical layer and the second optical layer
are uselul, for example, for providing higher optical power
(e.g., reflectivity), which enables more reflective bandwidth.
However, 1n the present disclosure, the absolute diflerence
between the layer pair may be less than 0.20 (in some
embodiments, less than 0.15, 0.10, 0.03, or even less than
0.03), depending on the layer pair selected.

The thickness of each layer may influence the perfor-
mance of the optical stack by either changing the amount of
reflectivity or shifting the retlectivity wavelength range. The
optical layers typically have an average individual layer
thickness of about one quarter of the wavelength or wave-
lengths to be retflected, and a layer pair thickness of about
one hall of the wavelength or wavelengths to be reflected.
The optical layers can each be a quarter-wavelength thick or
the optical layers can have different optical thicknesses, as
long as the sum of the optical thicknesses for the layer pair
1s half of a wavelength (or a multiple thereof). For example,
to reflect 800 nanometers (nm) light, the average individual
layer thickness would be about 200 nm, and the average
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layer pair thickness would be about 400 nm. First optical
layers and second optical layers may have the same thick-
nesses. Alternatively, the optical stack can include optical
layers with different thicknesses to increase the reflective
wavelength range. An optical stack having more than two
layer pairs can include optical layers with different optical
thicknesses to provide retlectivity over a range ol wave-
lengths. For example, an optical stack can include layer pairs
that are individually tuned to achieve optimal reflection of
normally incident light having particular wavelengths or
may include a gradient of layer pair thicknesses to reflect
light over a larger bandwidth. The normal reflectivity for a
particular layer pair 1s primarily dependent on the optical
thickness of the individual layers, where optical thickness 1s
defined as the product of the actual thickness of the layer
times its refractive index. The intensity of light reflected
from the optical layer stack 1s a function of 1ts number of
layer pairs and the diflerences in refractive indices of optical
layers in each layer pair. The ratio n,d,/(n,d,+n,d,) (com-
monly termed the “f-rati0™) correlates with reflectivity of a
given layer pair at a specified wavelength. In the f-ratio, n,
and n, are the respective retractive indices at the specified
wavelength of the first and second optical layers 1n a layer
pair, and d, and d, are the respective thicknesses of the first
and second optical layers in the layer pair. By proper
selection of the refractive indices, optical layer thicknesses,
and f-ratio, one can exercise some degree of control over the
intensity of first order retlection.

The equation A/2=n,d,+n.d, can be used to tune the
optical layers to retlect light of wavelength A at a normal
angle of incidence. At other angles, the optical thickness of
the layer pair depends on the distance traveled through the
component optical layers (which 1s larger than the thickness
of the layers) and the indices of refraction for at least two of
the three optical axes of the optical layer.

The optical stack 1n the multilayer optical film useful for
the visible light-transmitting reflector disclosed herein typi-
cally includes all or mostly quarter-wave film stacks. In this
case, control of the spectrum requires control of the layer
thickness profile i the film stack. Layer thickness profiles of
such optical stacks can be adjusted to provide for improved
spectral characteristics using the axial rod apparatus taught,
for example, 1n U.S. Pat. No. 6,783,349 (Neavin et al.)
combined with layer profile information obtained with
microscopic techniques.

The basic process for layer thickness profile control
involves adjustment of axial rod zone power settings based
on the difference of the target layer thickness profile and the
measured layer profile. The axial rod power increase needed
to adjust the layer thickness values 1n a given feedblock zone
may first be calibrated 1n terms of watts of heat input per
nanometer of resulting thickness change of the layers gen-
crated 1n that heater zone. Fine control of the spectrum 1is
possible using 24 axial rod zones for 275 layers. Once
calibrated, the necessary power adjustments can be calcu-
lated once given a target profile and a measured profile. The
procedure may be repeated until the two profiles converge.

Desirable techniques for providing a multilayer optical
film with a controlled spectrum include the use of an axial
rod heater control of the layer thickness values of coex-
truded polymer layers as taught, for example, in U.S. Pat.
No. 6,783,349 (Neavin et al.); timely layer thickness profile
teedback during production from a layer thickness measure-
ment tool (e.g., an atomic force microscope, a transmission
clectron microscope, or a scanning electron microscope);
optical modeling to generate the desired layer thickness
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profile; and making axial rod adjustments based on the
difference between the measured layer profile and the
desired layer profile.

The layer thickness profile (layer thickness values) of the
optical stack may be adjusted to be approximately a linear
profile with the first (thinnest) optical layers adjusted to have
about a quarter wave optical thickness (index times physical
thickness) for the left band edge of the desired reflection
bandwidth and progressing to the thickest layers, which may
be adjusted to be about a quarter wave thick optical thick-
ness for the right band edge of the desired reflection band-
width. In some embodiments, two or more multilayer optical
films with different reflection bands are laminated together
to broaden the reflection band.

Birefringence (e.g., caused by stretching) of optical layers
may 1ncrease the diflerence 1n refractive index of the optical
layers 1n a layer pair. Optical stacks that include layer pairs,
which are oriented in two mutually perpendicular in-plane
axes are highly ethicient reflectors that capable of reflecting
an extraordinarily high percentage of incident light depend-
ing on, for example, the number of optical layers, f-ratio, and
the 1ndices of refraction.

The reflector 1n the solar energy device disclosed herein
transmits visible light. That 1s, at least a portion of the
wavelengths in a range from 400 to 700 nanometers 1s
transmitted. “At least a portion” 1s meant to comprise not
only the entire range of wavelengths between 400 and 700
nanometers, but also a portion of the wavelengths, such as
a bandwidth of at least 25 nm (in some embodiments, at least
50 nm, 100 nm, 150 nm, or at least 200 nm. In these
embodiments, the transmission may be measured at a nor-
mal angle to the multilayer optical film or at a shifted angle
of 45 to 60 degrees. In some embodiments, the multilayer
optical film has an average visible light transmission of at
least 45 (1in some embodiments, at least 50, 60, 70, 80, 85,
90, 92, or even at least 935) percent at an angle normal to the
multilayer optical film. In some embodiments, the multilayer
optical film has an average visible light transmission of at
least 45 (1n some embodiments, at least 50, 60, 70, 80, 85,
90, 92, or even at least 95) percent 1n a wavelength range
selected from the group consisting of 400 nanometers to 500
nanometers, 400 nanometers to 600 nanometers, and 400
nanometers to 700 nanometers at a 0 degree angle of
incidence (1.e., an angle normal to the film).

In many solar energy device constructions (e.g., conven-
tional roof-top devices) transmission to visible light 1s
unnecessary. For example, solar backsheets or reflectors on
rool tops are often formed on opaque substrates. In some
applications, including concentrated photovoltaic applica-
tions, 1t may be considered desirable for a reflector (con-
centrating mirror) to reflect most of the light usable by
photovoltaic cells, which tend to absorb light 1n the visible
range. For example, Int. Pat. App. Pub. No. 2009/140493
(Hebrink et al.) discloses a multilayer film, useful as a solar
concentrating mirror, that reflects at least a major portion of
the average light across the range of wavelengths that
corresponds with the absorption bandwidth of the solar cell
onto the solar cell. In contrast, the retlectors of the present
disclosure retlect wavelengths 1n a range that are absorbed
by photovoltaic cells or a solar thermal collector and also
transmit visible light that 1s usetul, for example, for viewing
of a display, viewing of an existing building facade, or
viewing of graphics designed to look like a building facade.

The multilayer optical film in the visible light-transmit-
ting reflector disclosed herein may be designed to switch
from transmitting to retlecting in the visible range (e.g., 1n
a range from 600 nanometers to 700 nanometers) or 1n the
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inirared range (e.g., 1n a range from 700 nanometers to 900
nanometers). In some embodiments, the visible light-trans-
mitting retlector has an average visible light transmission of
at least 30 percent. The wavelength at which the film
switches from transmitting to reflecting visible light 1s called
the left band edge. In some embodiments, the multilayer
optical film 1s a visible light transmitting reflector having a
left band edge 1n a range from 600 nanometers to 1000
nanometers. In some embodiments, the multilayer optical
film has an average light reflection of at least 50 percent at
a normal angle to the multilayer optical film in a wavelength
range selected from the group consisting of 650 nanometers
to 1350 nanometers, 650 nanometers to 1500 nanometers,
850 nanometers to 1200 nanometers, and 850 nanometers to
1500 nanometers. In some embodiments, the multilayer
optical film 1s a color-shifting film. Color-shifting films
change color as a function of viewing angle. For example, 1
the left band edge of the multilayer optical film 1s about 650
nanometers, against a white background, the film may
appear cyan at a zero degree viewing angle and cobalt blue
at a shifted viewing angle of 45 degrees to 60 degrees. In
another example, 1f the left band edge of the multilayer
optical film 1s about 720 nanometers, against a white back-
ground, the film may appear colorless at a zero degree
viewing angle and cyan at a shifted viewing angle of 45
degrees to 60 degrees. For narrow transmission bands (that
1s, transmission bands 1n a range of about 100 nanometers or

less), many colors may be seen at successively higher angles
of mcidence. Further details about color-shifting films may

be found, for example, 1n U.S. Pat. No. 6,531,230 (Weber et
al.) and U.S. Pat. No. 6,045,894 (Jonza et al).

In the solar energy devices described herein, the visible
light-transmitting retlector retlects at least a portion of the
light 1n a range of wavelengths that corresponds with the
absorption bandwidth of the photovoltaic cell or solar ther-
mal collector. “At least a portion” 1includes bandwidths such
as at least 25 nm (in some embodiments, at least 50 nm, 100
nm, 150 nm or even at least 200 nm).

Suitable photovoltaic cells include those that have been
developed with a vanety of semiconductor materials. Each
type of semiconductor material will have a characteristic
band gap energy which causes i1t to absorb light most
cihiciently at certain wavelengths of light, or more precisely,
to absorb electromagnetic radiation over a portion of the
solar spectrum. Exemplary suitable matenals useful for
making photovoltaic cells and their photovoltaic light
absorption band-edge wavelengths include: a crystalline
silicon single junction (about 400 nm to about 1150 nm),
amorphous silicon single junction (about 300 nm to about
720 nm), ribbon silicon (about 350 nm to about 11350 nm),
copper indium gallium selenide (CIGS) (about 350 nm to
about 1100 nm), cadmium telluride (CdTe) (about 400 nm to
about 895 nm), and gallium arsenide (GaAs) multi-junction
(about 350 nm to about 1750 nm).

The photovoltaic cell may also be a bifacial cell or a
dye-sensitized cell. In some embodiments, the photovoltaic
cell 1s a crystalline silicon single junction cell, a rnbbon
silicon cell, a CIGS cell, a GaAs multi-junction cell, or a
CdTe cell. In some embodiments, the photovoltaic cell 1s a
crystalline silicon single junction cell, a ribbon silicon cell,
a CIGS cell, or a GaAs cell. In some embodiments, the
photovoltaic cell 1s a crystalline silicon single junction cell.
New materials suitable for making photovoltaic cells con-
tinue to be developed. In some embodiments, the photovol-
taic cell 1s an organic photovoltaic cell. In some of these
embodiments, the organic photovoltaic cell 1s transparent,
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which may be beneficial to the aesthetic function for the
solar energy devices described herein.

Suitable solar thermal collectors include glazed flat black
panels, black fluid containing tubes attached to black solar
absorbing fins, evacuated glass tubes surrounding absorber
tubes, truncated compound parabolic concentrators reflect-
ing solar energy onto solar absorbing tubes (such as those
described i “The Optics of Non-imaging Concentrators
Light and Solar Energy” written by W. T. Welford and R.
Winston and published by Academic Press i 1978), and
parabolic concentrators with infrared mirrors that track the
sun. Thermal heat collected by the fluid can be employed for
hot tap water, building heat, heat powered air conditioning
(adsorption cooling), dehumidification of air, and process
heat.

Typically, the visible light transmitting mirrors 1n the solar
energy devices described herein, reflect at least a portion of
the light 1n a range of wavelengths that corresponds with the
absorption bandwidth of the photovoltaic cell including near
infrared wavelengths and optionally longer visible wave-
lengths of light. In some embodiments, the visible light-
transmitting retlector according to the present disclosure
reflects light 1n at least a portion of the wavelength range of
650 nm to 1100 nm (1n some embodiments, 650 nm to 1500
nm, 875 nm to 1100 nm, or even 900 nm to 1500 nm). For
any ol these wavelength ranges, the visible light-transmiat-
ting reflector may have an average retlection of at least 30
(1n some embodiments, at least 40, 50, 60, 70, 80, 90, 95, 97,
08, or even at least 99) percent at a normal angle of
incidence. The visible light-transmitting reflector 1s posi-
tioned to reflect the desired bandwidth of light onto the
photovoltaic cell or solar thermal collector. In some embodi-
ments, light outside the range of wavelengths that corre-
sponds with the absorption bandwidth of the photovoltaic
cell or solar thermal collector passes through the visible
light-transmitting reflector and 1s not reflected onto the
photovoltaic cell or solar thermal collector. In other embodi-
ments, some of the light outside the range of wavelengths
that corresponds with the absorption bandwidth of the
photovoltaic cell or solar thermal collector 1s absorbed by
the visible light-transmitting reflector, as described below.
The selection of multilayer optical films that retlect at least
a portion of light 1n a range of wavelengths that matches
selected photovoltaic cells or solar thermal collectors, while
reducing radiation adverse to the photovoltaic cell or solar
thermal collector, can significantly enhance the operational
clliciency of the photovoltaic cell or solar thermal collector.

The visible light-transmitting retlector disclosed herein
includes first and second optical layers having different
indices of refraction. Typically, the first and second optical
layers are polymer layers. In this context, the term “poly-
mer” will be understood to include homopolymers and
copolymers, as well as polymers or copolymers that may be
formed 1n a miscible blend, for example, by co-extrusion or
by reaction, including transesterification. The terms “poly-
mer” and “‘copolymer” include both random and block
copolymers. The polymer 1n the first optical layer described
herein has a higher refractive index than the polymer in the
second optical layer. Useful classes of polymers for first
optical layers include, 1n some embodiments, polyesters and
polycarbonates.

Polyesters may be dertved, for example, from ring-open-
ing addition polymerization of a lactone, or by condensation
of a dicarboxylic acid (or dertvative thereof (e.g., a diacid
halide or a diester) with a diol). Exemplary dicarboxylic
acids 1nclude 2,6-naphthalenedicarboxylic acid; terephthalic
acid; 1sophthalic acid; phthalic acid; azelaic acid; adipic
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acid; sebacic acid; norbornenedicarboxylic acid; bicyclooc-
tanedicarboxylic acid; 1,6-cyclohexanedicarboxylic acid;
t-butyl 1sophthalic acid; trimellitic acid; sodium sulfonated
isophthalic acid; 4,4'-biphenyldicarboxylic acid. Acid
halides and lower alkyl esters of these acids (e.g., methyl or
cthyl esters) may also be used as functional equivalents. The
term “lower alkyl” refers, in this context, to alkyl groups
having from one to four carbon atoms. Exemplary diols
include ethylene glycol; propylene glycol; 1,4-butanediol;
1,6-hexanediol; neopentyl glycol; polyethylene glycol;
diethylene glycol; tricyclodecanediol; 1,4-cyclohexanedi-
methanol; norbornanediol; bicyclooctanediol; trimethylol-
propane; pentaerythritol; 1,4-benzenedimethanol; bisphenol
A; 1,8-dihydroxybiphenyl; and 1,3-bis (2-hydroxyethoxy)
benzene.

In some embodiments, the first optical layer comprises a
birefringent polymer. Exemplary polymers useful for form-
ing birefringent optical layers include polyethylene
terephthalates (PETs); polyethylene 2,6-naphthalates
(PENSs); copolyesters derived from naphthalenedicarboxylic
acid, an additional dicarboxylic acid, and a diol (coPENs)
(e.g., a polyester derived through co-condensation of 90
equivalents of dimethyl naphthalenedicarboxylate, 10
equivalents of dimethyl terephthalate, and 100 equivalents

of ethylene glycol); copolyesters derived from terephthalic
acid such as those described 1n U.S. Pat. No. 6,449,093 B2

(Hebrink et al.) or U.S. Pat. App. Publ. No. 2006/0084780
Al (Hebrink et al.); copolymers of PEN (CoPEN) such as
those described 1n U.S. Pat. No. 6,352,761 (Hebrink et al.)
and U.S. Pat. No. 6,449,093 (Hebrnink et al.); polyether
imides; polyester/non-polyester combinations; polybutylene
2,6-naphthalates (PBNs); modified polyolefin elastomers,
thermoplastic elastomers; thermoplastic polyurethanes
(TPUs); and syndiotactic polystyrenes (sPSs), which are
usetul, for example, for their low UV-light absorbance; and
combinations thereof.

In some embodiments, the first optical layer comprises an
acrylic (e.g., poly(imethyl methacrylate) PMMA)), a poly-
carbonate, a polyolefin copolymer (e.g.,(EVA) ethylene
vinyl acetate), a cyclic olefin copolymer, or a combination
thereof. Such embodiments may be useful, for example,
when the second optical layer comprises a fluoropolymer.

Exemplary specific polymer products that may be usetul
for the first optical layers include a PET having an inherent
viscosity 01 0.74 dL/g, available, for example, from Eastman
Chemical Company, Kingsport, Tenn., and PMMA avail-
able, for example, under the trade designations “CP71” and
“CP80” from Ineos Acrylics, Inc., Wilmington, Del.

The second optical layers of the multilayer optical film
can be made, for example, from a variety of polymers. The
polymer in the second optical layer may have a glass
transition temperature compatible with that of the polymer
in the first optical layer. In some embodiments, the polymer
in the second optical layer has a refractive index similar to
the 1sotropic refractive index of a birefringent polymer
uselul for making the first optical layers. Exemplary melt-
processible polymers useful in the second optical layers
include: polyesters (e.g., polycyclohexanedimethylene
terephthalate commercially available, for example, from
Eastman Chemical Co, Kingsport, Tenn.); polysuliones;
polyurethanes; polyamides; polyimides; polycarbonates;
polydimethylsiloxanes; polydiorganosiloxane polyoxamide
block copolymers (OTPs) such as those described 1mn U.S.
Pat. Appln. Publ. Nos. 2007/0148474 Al (Leir et al.) and
2007/0177272 Al (Benson et al.); fluoropolymers including
homopolymers such as polyvinylidene difluoride (PVDFs),
copolymers (e.g., copolymers of tetratluoroethylene,
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hexatluoropropylene, and vinylidene fluoride (THVs), copo-
lymers of hexafluoropropylene, tetrafluoroethylene, and eth-
ylene (HTEs); copolymers of tetrafluoroethylene and nor-
bornene; copolymers of ethylene and tetratluoroethylene
(ETFEs); copolymers of ethylene and vinyl acetate (EVAs);
copolymers of ethylene and chlorotrifluoroethylene (ECT-
FEs)), fluoroelastomers; acrylics (e.g., PMMA (available,
for example, under the trade designations “CP71” and
“CP80” from Ineos Acrylics)) and copolymers of methyl
methacrylate (coPMMAs) (e.g., a coPMMA made from 75
welght percent methyl methacrylate and 25 weight percent
cthyl acrylate (available, for example, from Ineos Acrylics,
Inc., under trade designations “PERSPEX CP63” and a
coPMMA formed from methyl methacrylate and n-butyl
methacrylate); styrenic polymers; vinyl acetate copolymers
(e.g., ethylene vinyl acetate copolymers); copolymers of
cthylene and a cyclic olefin (COCs); blend of PMMA and
PVDF (available, for example, from Solvay Polymers, Inc.,
Houston, Tex., under the trade designation “SOLEF”); poly-
olefin copolymers such as poly (ethylene-co-octene) (PE-
POs) available, for example, from Dow Chemical Co.,
Midland, Mich., under the trade designation “ENGAGE
82007, poly (propylene-co-cthylene) (PPPE) available, for
example, from Fina Oi1l and Chemical Co., Dallas, Tex.
under the trade designation “7Z9470,” and a copolymer of
atactic polypropylene (aPPs) and 1sotactic polypropylene
(1PPs) available, for example, from Huntsman Chemical
Corp., Salt Lake City, Utah under the trade designation
“REXFLEX W111”; and combinations thereol. Second opti-
cal layers can also be made from a functionalized polyolefin
such as linear low density polyethylene-g-maleic anhydrnide
(LLDPE-g-MA) (available, for example, from E. I. du Pont
de Nemours & Co., Inc., Wilmington, Del. under the trade

designation “BYNEL 4105) or blends of this polymer and
others described above.

In some embodiments, polymer compositions suitable for
the second optical layers include PMMA, CoPMMA, poly-
dimethyl siloxane oxamide based segmented copolymer
(SPDX), fluoropolymers including homopolymers such as
PVDF and copolymers such as those derived trom tetratluo-
rocthylene, hexatluoropropylene, and vinylidene fluoride
(THVSs), blends of PVDF and PMMA, acrylate copolymers,
styrene, styrene copolymers, silicone copolymers, polycar-
bonate, polycarbonate copolymers, polycarbonate blends,
blends of polycarbonate and styrene maleic anhydride, and
cyclic-olefin copolymers. In some embodiments, the second
optical layers comprise poly(methyl methacrylate), copoly-
mers ol methyl methacrylate and other acrylate monomers,
or blends of poly(methyl methacrylate) and poly(vinylidene
difluoride).

The selection of the polymer compositions used 1n cre-
ating the multilayer optical film will depend upon the
desired bandwidth that will be reflected onto a chosen
photovoltaic cell or solar thermal collector. Higher refractive
index differences between the polymers in the first and the
second optical layers create more optical power thus
enabling more reflective bandwidth. Alternatively, addi-
tional layers may be employed to provide more optical
power. Exemplary useful combinations of first and second
polymer layers include polyethylene terephthalate waith
copolymers of tetrafluoroethylene, hexafluoropropylene,
and vinylidene fluoride; polyethylene terephthalate waith
polydimethyl siloxane oxamide based segmented copoly-
mer, polyethylene terephthalate with poly(methyl methacry-
late); polyethylene terephthalate with a polyvinylidene dii-
luoride and poly(methyl methacrylate) blend; polyethylene
2,6-naphthalate with copolymers of tetratluoroethylene,
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hexatluoropropylene, and vinylidene fluoride; polyethylene
2,6-naphthalate with polydimethyl siloxane oxamide based
segmented copolymer; polyethylene 2,6-naphthalate with
poly(methyl methacrylate); polyethylene terephthalate with
copolymers ol methyl methacrylate; polyethylene 2,6-naph-
thalate with copolymers of methyl methacrylate; copoly-
mers of polyethylene 2,6-naphthalate with poly(methyl
methacrylate); copolymers of polyethylene 2,6-naphthalate
with polydimethyl siloxane oxamide based segmented copo-
lymer; syndiotactic polystyrene with polydimethyl siloxane
oxamide based segmented copolymer; syndiotactic polysty-
rene with copolymers of tetratluoroethylene, hexatluoropro-
pylene, and vinylidene fluoride; copolymers of polyethylene
2,6-naphthalate with copolymers of tetrafluoroethylene,
hexatluoropropylene, and vinylidene tfluonide; polyethylene
terephthalate with fluoroelastomers; syndiotactic polysty-
rene with fluoroelastomers; copolymers of polyethylene
2.6-naphthalate with fluoroelastomers; and poly(methyl
methacrylate) with copolymers of tetrafluoroethylene,
hexafluoropropylene, and vinylidene fluonide.

In some embodiments, the optical layers comprise 1nor-
ganic materials. These materials can be, for example, thin
film vacuum vapor deposited (e.g., by chemical vapor depo-
sition, sputtering, or physical vapor deposition). Suitable
high refractive index materials include titanium oxide
(T10,), certum oxide (CeQ,), zircomia (Zr0,), and tantalum
oxide (Ta,O;), or even niobia (Nb,O.) and hatmia (H1O,).
Suitable low refractive index materials include silicon diox-
1de (510, ), silicon sesquioxide and aluminum oxide (Al,O,),
and even magnesium fluoride (MgF,).

In some embodiments, the optical layers could also com-
prise mixtures ol the inorganic materials above and organic
binders. In one embodiment, the optical layers comprise
polyelectrolyte solutions of polymer-inorganic nanoparticle
layers. For example, the plurality of optical layers could be
deposited by a layer-by-layer self-assembly coating method
as described 1n co-pending patent application having Ser.
No. 61/829,332, filed May 31, 2013) and 61/740,163, filed
Dec. 20, 2012. Further details relating to the selection of
materials and manufacturing of optical stacks and multilayer

optical films are described, for example, 1n U.S. Pat. No.
5,552,927 (Wheatley et al.); U.S. Pat. No. 5,882,774 (Jonza

et al.); U.S. Pat. No. 6,827,886 (Neavin et al.); U.S. Pat. No.
6,830,713 (Hebrink et al.); and U.S. Pat. No. 7,141,297
(Condo et. al.); and in Int. Pat. App. Pub. No. WO 2010/
078289 (Hebrink et al.).

Exemplary lighted displays include liquid crystal displays
and backlit signs which can be 1lluminated with fluorescent
bulbs, light emitting diodes, and other light sources.

In some embodiments, the graphic film includes a graphic
covering at least about 75% (1n some embodiments, at least
about 70%, 65%, 355%, 50%, 45%, 40%, 35%, 30%, 25%.,
20%, 15%, 10%, or even at least about 3%) of the second
surface of the infrared mirror.

The graphic film may be perforated film that i1s printable
or otherwise imageable. A film 1s printable 1f 1t 1s capable of
receiving an 1nk image. Useful perforated printable films
include, for example, perforated clear vinyl films available
from, for example, under the trade designation “SCOTCH-
CAL MARKING FILM” from 3M Company, St. Paul,
Minn. In some embodiments, the graphic film may comprise

a thermoplastic urethane and a cellulosic ester as described,
for example, in PCT Pub. No WO 2013/019766 (Steelman

ct. al.), published Feb. 7, 2013, the disclosure of which 1is
incorporated herein by reference.

An 1nk layer may be provided on at least one surface of
the graphic film. In some embodiments, the ink layer creates
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a design. Imaging techniques suitable for imaging the film
include 1nk jet printing, thermal mass transter, flexography,
dye sublimation, screen printing, electrostatic printing, ofl-
set printing, gravure printing, or other printing processes.
Usetul 1nks include piezo ink-jet inks, thermal transter 1inks,
ultraviolet curable inks, solvent based inks, and latex inks.

A top coat may also be employed as a functional layer.

The top coat may be polymeric, and, for example, may be
made of fluoropolymers, polyurethanes, polyvinylidene
chloride (PVC), polycarbonates, or polyacrylics or copoly-
mer thereof. A topcoat may be used to modily surface
characteristics, but may also be used as a protective layer, for
example, over an 1image. The topcoat may be a glass layer
that protects a permanent graphic. This may be desirable for
architectural, roofing, tiling, or similar applications.
The graphic film may also be treated with a conventional
primer coating, and/or activated by flame or corona dis-
charge, and/or by other surface treatment to enhance adhe-
sion of a functional layer and/or adhesive layer thereto.

In some embodiments, the graphic film 1s a perforated
laminate that includes a graphic film layer and a reflective
layer behind the graphic film layer. For example, a white
reflective layer or a silvered reflective layer may be used
behind a perforated graphic layer. In some embodiments, the
graphic film 1s a translucent laminate that includes a trans-
lucent graphic film layer and a partially retlective layer
behind the translucent graphic film layer.

In some embodiments, solar energy devices described
herein further comprise an ultraviolet light protective layer
(UV-protective layer) on at least one surface of the visible
light-transmitting reflector. In some embodiments, a UV-
protective layer may be applied to both surfaces. A UV-
protective layer typically shields the multilayer optical film
from UV radiation that may cause degradation. In particular
the ultraviolet radiation from 280 nm to 400 nm can 1nduce
degradation of plastics, which in turn results in color change
and deterioration 1n mechanical properties Inhibition of
photo-oxidative degradation 1s useful for outdoor applica-
tions wherein long term durabaility 1s desired. The absorption
of UV light by polyethylene terephthalates, for example,
starts at around 360 nm, increases markedly below 320 nm
and 1s very pronounced at below 300 nm. In some embodi-
ments, the ultraviolet light protective layer comprises poly
(vinylidene difluoride), poly(methyl methacrylate), and an
ultraviolet light absorber. Polyethylene naphthalates
strongly absorb UV light 1n the 310-370 nm range, with an
absorption tail extending to about 470 nm, and thus also
benelits from blue light protection as described, for example,
in U.S. patent application having Ser. No. 61/677,199, filed
Jul. 30, 2012 (W0O2014/022049—Publication date Feb. 6,
2014), the disclosure of which 1s incorporated herein by
reference. Chain cleavage occurs 1n the presence of oxygen,
and the predominant photooxidation products are carbon
monoxide, carbon dioxide, and carboxylic acids. Besides the
direct photolysis of the ester groups, consideration has to be
given to oxidation reactions which likewise form carbon
dioxide via peroxide radicals.

In some embodiments, the ultraviolet light protective
layer 1s a multilayer ultraviolet light reflective mirror. In
some embodiments, the multilayer ultraviolet light reflective
mirror comprises UV absorbers as described 1n patent appli-
cations W02011/062836 Al (Hebrink et. al.), published
May 26, 2011, and W0O2010/078289 Al (Hebrink et. al.),
published Jul. 8, 2010, the disclosures of which are incor-
porated herein by reference.

Usetul UV-protective layers may shield the multilayer
optical film by reflecting UV light, absorbing UV light,
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scattering UV light, or a combination thereof. Useful UV
protective layers may include a polymer or combination of
polymers that 1s capable of withstanding UV radiation for an
extended period of time while either reflecting, scattering, or
absorbing UV radiation. Non-limiting examples of such
polymers include poly(methylmethacrylate), silicone ther-
moplastics, fluoropolymers, and their copolymers, and
blends thereol. An exemplary UV-protective layer com-
prises a blend of poly(methylmethacryate) and polyvi-
nylidene difluonde.

A variety of optional additives may be incorporated into
the UV protective layer to assist 1n 1ts function of protecting,
the multilayer optical film. Non-limiting examples of the
additives include one or more compounds selected from
ultraviolet light absorbers, hindered amine light stabilizers,
anti-oxidants, and combinations thereof.

UV stabilizers such as UV absorbers are chemical com-
pounds which can intervene in the physical and chemical
processes of photo-induced degradation. The photooxidation
of polymers from UV radiation can therefore be prevented
by use of a protective layer containing UV absorbers to
cllectively block UV light. UV absorbers are typically
included 1n the UV-absorbing layer in an amount that absorb
at least 70 percent (1in some embodiments, at least 80
percent, 90 percent, or even at least 99 percent) of incident
light 1n a wavelength region from 180 nm to 400 nm. UV
absorbers may be red-shifted UV absorbers, which have
enhanced spectral coverage in the long-wave UV region,
enabling 1t to block the high wavelength UV light that can
cause yellowing in polyesters. Typical UV-protective layer
thicknesses are from 10 micrometers to 500 micrometers
although thick and thinner UV-absorbing layers can be
useiul 1n some applications. Typically, the UV-absorber 1s
present 1n the UV-absorbing layer in an amount of from 2 to
20 percent by weight, but lesser and greater levels may also
be useful for some applications. In some embodiments, the
ultraviolet light protective layer comprises poly(vinylidene
difluoride), poly(methyl methacrylate), and an ultraviolet
light absorber.

One exemplary UV absorber 1s a benzotriazole com-
pound, 5-trifluoromethyl-2-(2-hydroxy-3-alpha-cumyl-5-
tert-octylphenyl)-2H-benzotriazole. Other exemplary ben-
zotriazoles include 2-(2-hydroxy-3,5-d1-alpha-
cumylphehyl)-2H-benzotriazole, 5-chloro-2-(2-hydroxy-3-
tert-butyl-5-methylphenyl)-2H-benzotiazole, 5-chloro-2-(2-

hydroxy-3,5-di-tert-butylphenyl)-2H-benzotriazole, 2-(2-
hydroxy-3,5-di-tert-amylphenyl)-2H-benzotriazole, 2-(2-
hydroxy-3-alpha-cumyl-5-tert-octylphenyl)-2H-

benzotriazole, and 2-(3-tert-butyl-2-hydroxy-3-
methylphenyl)-5-chloro-2H-benzotriazole. Additional
exemplary UV absorbers include 2-(4,6-diphenyl-1,3,5-tr1-
azin-2-yl)-5-hexcyloxyphenol, and diphenyl triazine (avail-
able, for example, under the trade designation “TINUVIN
1600” from BASEF, Florham Park, N.J., and those available
from Ciba Specialty Chemicals Corp., Tarrytown, N.Y.,
under the trade designations “TINUVIN 1577 and “TINU-
VIN 9007”). In addition, UV absorber(s) can be used in
combination with hindered amine light stabilizer(s) (HALS)
and/or antioxidants. Exemplary HALSs include those avail-
able from Ciba Specialty Chemicals Corp. under the trade
designations “CHIMASSORB 944” and “TINUVIN 123”.
Exemplary antioxidants include those available under the
trade designations “IRGANOX 10107 and “ULTRANOX
626" from Ciba Specialty Chemicals Corp.

Other additives may be included in the UV-absorbing
layer. Small particle non-pigmentary zinc oxide and titanium
oxide can also be used as blocking or scattering additives 1n
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the UV-absorbing layer. For example, certain nanometer-
scale particles can be dispersed in polymer or coating
substrates to minimize ultraviolet radiation degradation. The
nanoparticles are transparent to visible light while either
scattering or absorbing harmitul UV radiation thereby reduc-
ing damage to thermoplastics. U.S. Pat. No. 5,504,134
(Palmer et al.), for example, describes attenuation of poly-
mer substrate degradation due to ultraviolet radiation
through the use of metal oxide particles 1n a size range of
about 0.001 micrometer to about 0.20 micrometer 1n diam-
cter (in some embodiments, from about 0.01 to about 0.15
micrometer) 1n diameter. U.S. Pat. No. 5,876,688 (Laun-
don), for example, describes a method for producing
micronized zinc oxide particles that are small enough to be
transparent when incorporated as UV blocking and/or scat-
tering agents 1n paints, coatings, finishes, plastic articles, and
cosmetics. These fine particles such as zinc oxide and
titanium oxide with particle size ranged from 10 nm to 100
nm, which can attenuate UV radiation, are available, for
example, from Kobo Products, Inc., South Plainfield, N.J.
Flame retardants may also be incorporated as an additive 1n
the UV-absorbing layer.

The thickness of the ultraviolet light protective layer 1s
dependent upon an optical density target at specific wave-
lengths as calculated by the Beer-Lambert Law. In typical
embodiments, the ultraviolet light absorbing layer has an
optical density greater than 3.5 at 380 nm; greater than 1.7
at 390 nm; and greater than 0.5 at 400 nm. Those of ordinary
skill 1n the art will recognize that the optical densities must
remain fairly constant over the extended life of the article in
order to provide the itended protective function.

In some embodiments, the ultraviolet light-protective
layer 1s a multilayer ultraviolet light reflective mirror (mul-
tilayer UV-reflective mirror). The multilayer UV-reflective
mirror 1s reflective to UV light; for example, it 1s at least 30
(1n some embodiments, at least 40, 50, 60, 70, 80, 90, or
even at least 935) percent reflective to at least a portion of UV
light at a normal angle of incidence. The multilayer ultra-
violet light reflective mirror 1s typically a multilayer optical
film that reflects wavelengths of light from about 350 to
about 400 nm (in some embodiments, 300 nm to 400 nm).
In some embodiments, these wavelengths are included 1n the
absorption bandwidth of the photovoltaic cell or solar ther-
mal collector. The multilayer ultraviolet light reflective
mirror can be made according to the techniques described
above for making multilayer optical films except that the
polymers for the layer pairs (e.g., third and fourth optical
layers 1n some embodiments), layer thicknesses, and number
of layers are selected to retlect UV light. The polymers that
make the multilayer optical film are typically selected such
that they do not absorb UV light 1n the 300 nm to 400 nm
range. Exemplary suitable pairs of polymers useful for
preparing multilayer UV retlective mirrors include polyeth-
ylene terephthalate with a tetrafluoroethylene, hexafluoro-
propylene, and vinylidene tluoride copolymer; poly(methyl
methacrylate) with tetratluoroethylene, hexafluoropropyl-
ene, and vinylidene fluoride copolymer; polyethylene
terephthalate with SPDX; poly(methyl methacrylate) with
SPDX; syndiotactic polystyrene with tetrafluoroethylene,
hexafluoropropylene, and vinylidene fluoride copolymer;
syndiotactic polystyrene with SPDX; modified polyolefin
copolymers (e.g., EVA) with a tetratluoroethylene,
hexafluoropropylene, and vinylidene fluoride copolymer; a
thermoplastic polyurethane with a tetrafluoroethylene,
hexafluoropropylene, and vinylidene fluoride copolymer;
and a thermoplastic polyurethane with SPDX. In some
embodiments, a blend of tetratluoroethylene, hexatluoropro-
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pylene, and vinylidene fluoride copolymer (available under
the trade designation “DYNEON THV” (e.g., 220 grade or

2030 grade), from Dyneon LLC, Oakdale, Minn.) 1is
employed with PMMA for multilayer UV mirrors reflecting
300-400 nm or with PET for multilayer mirrors reflecting
350-400 nm. In general, 100 to 1000 total layers of the
polymer combinations are suitable for use with the present
disclosure. Examples of multilayer UV light reflective mir-
rors can be found, for example, 1n Int. Pat. App. Pub. No.
WO 2010/078105 (Hebrink et al.).

In some embodiments wherein the visible light-transmait-
ting reflector comprises a multilayer UV-reflective mirror,
the multilayer UV-retlective mirror comprises a UV
absorber, including any of the UV absorbers described
above. The UV absorber may be, for example, 1n one or
more of the optical layers or 1n one or more non-optical skin
layers on either side of the optical layer stack of the
multilayer UV-retlective mirror.

While UV absorbers, HALS, nanoparticles, flame retar-
dants, and anti-oxidants can be added to a UV protective
layer, 1n other embodiments UV absorbers, HALS, nano-
particles, flame retardants, and anti-oxidants can be added to
the multilayer optical layers themselves and/or optional
non-optical skin layers or durable top coat layers. Fluoresc-
ing molecules and optical brighteners can also be added to
a UV protective layer, the multilayer optical layers, an
optional durable top coat layer, or a combination thereof.

In some embodiments, including embodiments in which
the visible light-transmitting reflector includes a UV pro-
tective layer as described in any of the above embodiments,
the visible light-transmitting reflector exhibits resistance to
degradation by UV light. Resistance to degradation by UV
light can be determined using the weathering cycle
described in ASTM G135 (October 2005) and a D65 light
source operated in the reflected mode. In some embodi-
ments, under the noted test, the visible light-transmitting,
reflector does not change substantially in color, haze, or
transmittance and does not significantly crack, peel, or
delaminate. In some embodiments, aiter exposure of at least
18,700 kJ/m?* at 340 nm, the b* value obtained using the CIE
L*a*b* scale of the wvisible light-transmitting reflector
increases by 10 or less (in some embodiments, 5 or less, 4
or less, 3 or less, or even 2 or less). In some embodiments,
after exposure of at least 18,700 kJ/m” at 340 nm, the visible
light-transmitting reflector exhibits a diflerence 1n haze
versus the mitial haze of up to 20 (in some embodiments, up
to 135, 10, 5, 2, or even up to 1) percent. In some embodi-
ments, after exposure of at least 18,700 kJ/m~ at 340 nm, the
visible light-transmitting reflector exhibits a difference in
transmission versus the initial transmission of up to 20 (in
some embodiments, up to 15, 10, 35, 2, or even up to 1)
percent.

In some embodiments, including embodiments 1n which
the visible light-transmitting retlector includes a UV-protec-
tive layer as described i any of the above embodiments
(including embodiments where the UV-protective layer 1s a
UV-retlective mirror, the visible light-transmitting reflector
remains visible light-transmissive for at least a portion of the
visible light spectrum. That 1s, the UV-protective layer 1s
also at least partially visible light-transmissive.

In some embodiments, the wvisible light-transmitting
reflector may include a layer including infrared absorbing
particles to absorb at least some of the infrared light that 1s
not reflected onto the photovoltaic cell. The infrared absorb-
ing particles may be included 1n some of the optical layers
or 1 non-optical skin layers, for example. The infrared
radiation absorbing nanoparticles may include any material
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that preferentially absorbs infrared radiation. Examples of
suitable materials include metal oxides such as tin, anti-
mony, indium and zinc oxides and doped oxides. In some
embodiments, the metal oxide nanoparticles include, tin
oxide, antimony oxide, mmdium oxide, indium doped tin
oxide, antimony doped indium tin oxide, antinomy tin oxide,
antimony doped tin oxide or mixtures thereof. In some
embodiments, the metal oxide nanoparticles include anti-
mony oxide (ATO) and/or indium tin oxide (ITO). It may be
usetul to 1include intrared absorbing particles, for example,
to prevent at least some of the non-reflected inirared light
from entering a building or structure into which the solar
energy device described herein 1s installed.

In some embodiments, the wvisible light-transmitting
reflector includes tie layers, for example, to attach two
multilayer optical films with different reflection bandwidths
or to attach the multilayer optical film to the UV-protective
layer 1n any of its embodiments. The optional tie layer may
facilitate adhesion of the films and provide long term
stability 11 the solar energy device described herein 1s
exposed to outdoor elements 1n use.

The optional tie layer may be organic (e.g., a polymeric
layer or adhesive), inorganic, or a combination thereof.
Exemplary inorganic tie layers include amorphous silica,
silicon monoxide, and metal oxides (e.g., tantalum pentox-
ide, titanium dioxide, and aluminum oxide). The tie layer
may be provided by any suitable means, including vapor
coating, solvent casting, and powder coating techniques. In
some embodiments, the optional tie layer 1s typically sub-
stantially not absorptive of light (e.g., having an absorbance
of less than 0.1 (in some embodiments, less than 0.01, 0.001,
or even less than 0.0001)) over a wavelength range from 400
to 2494 nm. Useful adhesive tie layers include pressure-
sensitive adhesives, thermosetting adhesives, hot melt adhe-
s1ves, and combinations thereol. Exemplary useful adhesive
tie layers include optically clear acrylic pressure sensitive
adhesives (25 micrometer thickness) available from 3M
Company, St. Paul, Minn., under the trade designations
“OPTICALLY CLEAR LAMINATING ADHESIVE 8141.,”
and “OPTICALLY CLEAR LAMINATING ADHESIVE
81717 tackified adhesives as described in U.S. Pat. No.
7,371,464 B2 (Sherman et al.); and non-silicone pressure-
sensitive adhesives as described, for example, in U.S. Pat.
Appl. Pub. No. 2011/0123800 (Sherman et al.). Further
examples of tie layers include polydiorganosiloxane poly-
oxamide (PDX), CoPETs including modifications such as
with functional groups sulfonic acids, polymethylmethacry-
late/polyvinylidenetluoride (PMMA/PVDEF) blends, modi-
fied olefins with functional comonomers such as maleic
anhydride, acrylic acid, methacrylic acid or vinyl acetate.
Additionally, UV or thermally curable acrylates, silicones,
epoxies, siloxanes, urethane acrylates may be suitable as tie
layers. The tie layers may optionally contain UV absorbers
as described above and may optionally contain conventional
plasticizers, tackifiers, or combinations thereof. The tie layer
may be applied utilizing conventional film forming tech-
niques. Since the tie layers are part of the visible light-
transmitting reflector, the tie layers are at least partially
transmissive to visible light.

In some embodiments, the wvisible light transmitting
reflector includes a durable top coat to assist 1n preventing
the premature degradation of the solar concentrating mirror
due to exposure to outdoor elements. The durable topcoat 1s
typically abrasion and impact resistant and does not interfere
with the reflection of a selected bandwidth of light corre-
sponding to the absorption bandwidth of the photovoltaic
cell or solar thermal collector nor the transmission of visible
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light. Durable top coat layers may include one or more of the
following non-limiting examples, PMMA/PVDF blends,
thermoplastic  polyurethanes, curable polyurethanes,
CoPET, cyclic olefin copolymers (COC’s), fluoropolymers
and their copolymers such as polyvinylidene fluoride
(PVDEF), polyethylene tetrafluoroethylene (ETFE), polyeth-
ylene hexatluoropropylene (FEP), and copolymers derived
from tetrafluoroethylene, hexafluoropropylene, and
vinylidene fluoride (THV), thermoplastic and curable acry-
lates, cross-linked acrylates, cross-linked urethane acrylates,
cross-linked urethanes, curable or cross-linked polyepox-
ides, and polydimethylsiloxane oxamide copolymer
(SPDX). Strippable polypropylene copolymer skins may
also be employed. Alternatively, silane silica sol copolymer
hard coating can be applied as a durable top coat to improve
scratch resistance. The durable top coat may contain UV
absorbers, hindered amine light stabilizers HALS, and anti-
oxidants as described above. The visible light-transmitting

reflector coated with such a durable top coat 1s typically
thermoformable before the top coat 1s fully cured at an
clevated temperature. The cure temperature depends on the
selected materials but may be, for example, 80° C. for 15
minutes to 30 minutes.

A variety of methods may be useful for evaluating the
impact or abrasion resistance of the durable top coat. Taber
abrasion 1s one test to determine a film’s resistance to
abrasion, and resistance to abrasion 1s defined as the ability
ol a material to withstand mechanical action such as rub-
bing, scrapping, or erosion. According to the ASTM D1044
(2008) test method, a 3500-gram load 1s placed on top of
(CS-10 abrader wheel and allowed to spin for 350 revolutions
on a 4 square inch test specimen. The reflectivity of the
sample before and after the Taber abrasion test 1s measured,
and results are expressed by changes 1n % retlectivity. In
some embodiments, change 1n % reflectivity 1s expected to
be less than 20% (1n some embodiments, less than 10%, or
even less than 5%). Other suitable tests for mechanical
durability include break elongation, pencil hardness, sand
blast test, and sand shaking abrasion. The durable top coat
may also enhance the resistance to weathering of the visible
light-transmitting reflector, which may be evaluated by
ASTM G135 (October 2005) as described above.

In some embodiments, the multilayer optical film 1s
formed ito multiple reflective surfaces that reflect onto
multiple photovoltaic cells or solar thermal collectors.

In some embodiments, the multilayer optical film 1s
present in multiple parallel ridges separated by multiple land
areas, and wherein multiple photovoltaic cells or solar
thermal collectors are located 1n the multiple land areas. In
some embodiments, each land area has a single row of
photovoltaic cells or solar thermal collectors (see FIGS. 1A,
2, and 3).

In some embodiments, solar energy devices described
herein turther comprise multiple parallel ridges each having,
first and second opposing ridge faces, wherein the visible
light-transmitting retlector 1s located on each first ridge face,
and wherein the photovoltaic cell or solar thermal collector
1s located on each second ridge face. In some embodiments,
the photovoltaic cell or solar thermal collector on the second
ridge face are present as a single row of photovoltaic cells
or solar thermal collectors (see FIGS. 1A, 2, and 3).

In some embodiments, solar energy devices described
herein further comprise parabolic shaped visible light trans-
mitting mirrors shaped to concentrate solar energy onto a
single row of photovoltaic cells or a solar thermal absorbing
tube.
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In some embodiments, solar energy devices described
herein further comprise truncated compound parabolic con-
centrator shaped visible light transmaitting mirrors shaped to
concentrate solar energy onto a single row of photovoltaic
cells or solar thermal absorber.

In some embodiments, the wvisible light-transmitting
reflector comprises an antisoiling coating. Examples of
antisolling components 1nclude fluoropolymers, silicone
polymers, titanium dioxide particles, polyhedral oligomeric
silsesquioxanes (e.g., as available as polyhedral oligomeric
silsesquioxanes (POSS) from Hybrid Plastics of Hatties-
burg, Miss.), and combinations thereof. In some embodi-
ments, the antisoiling coating may be a hydrophobic coating
which includes a polymer matrix (e.g., a silicone or fluo-
ropolymer) and nanoparticles dispersed therein. The nano-
particles may be, for example, polymer (e.g., fluoropolymer)
particles, particles of a dielectric material (e.g., silica, alu-
mina, zircoma, titania, or indium tin oxide particles), or
metal (e.g., gold) particles. Further details regarding such
hydrophobic coatings are described, for example, 1n Int. Pat.
Appl. Pub. Nos. 2012/058090 (Zhang et al.) and 2012/
058086 (Zhang et al.), the disclosures of which are 1ncor-
porated by reference herein. In some embodiments, the
antisoilling coating may comprise nanosilica and may be

coated out of water. Further details of such coatings are
described 1n Int. Pat. Appl. Pub. Nos. 2012/047867 (Brown

et al.) and 2012/047877 (Brown et al.), the disclosures of
which are incorporated by reference herein.

In some embodiments, the wvisible light-transmitting
reflector comprises a scratch-resistant coating. Optionally a
hardcoat can be provided by techniques known in the art,
including those described 1n U.S. Pat. No 7,153,588 (Mc-
Man) and application having U.S. Ser. No. 61/614,297
(Clear et al.) (W0O2013/142239 Published Sep. 26, 2013),
the disclosures of which are incorporated herein by refer-
ence. Additional hard coats include silica filled siloxanes
available, for example, from California Hard Coat, San
Diego, Calif., under the trade designation “PERMANEW?”,
and from Momentive, Columbus, Ohio, under the trade
designations “AS4000” and “AS4700.” Exemplary acrylic
UV protective hardcoats are available, for example, under
the trade designations “UVT610 (GEN I1V)” and “UVT200”
from Red Spot Paint & Varnish Company, Evansville, Ind.
Exemplary UV protective acrylic hard coats are disclosed,
for example, 1n application having U.S. Ser. No. 61/614,297,
filed Mar. 22, 2012, (W0O2013/142239 Published Sep. 26,
2013). Use of hardcoats can, for example, reduce or prevent
premature degradation of the article due to exposure to
outdoor elements. The hardcoat 1s generally abrasion and
impact resistant and does not interfere with the primary
function of reflecting a selected bandwidth of electromag-
netic radiation.

In some embodiments, solar energy devices described
herein further comprises a visible light-transmitting sub-
strate. The multilayer optical film may be applied to the
substrate and optionally the photovoltaic cell or solar ther-
mal collector may be positioned on a substrate. Although, in
some applications, a substrate 1s not necessary, applying the
solar energy device described herein onto a substrate may
provide additional rigidity or dimensional stability, which
may be useful, for example, when the solar energy device 1s
installed as part of a building or other structure. Suitable
substrates 1clude glass sheets, polymeric sheets, polymer
fiber composites, and glass fiber composites. An optional tie
layer, such as any of those previously described, may be
employed 1n bonding the solar energy devices to the sub-
strate. Also, optionally a UV absorber, such as any of those
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previously described, may be included in the substrate. One
exemplary substrate material 1s twin wall polycarbonate
sheeting (available, for example, under the trade designation
“SUNLITE MULTIWALL POLYCARBONATE SHEET”
from Palram Americas, Inc., Kutztown, Pa.). In other
embodiments, the solar energy device may be sandwiched
between two layers of acrylic sheeting (available, for
example, under the trade designation “PLEXIGLAS” from
Arkema, Inc., Philadelphia, Pa.).

Although the substrate onto which at least the visible
light-transmitting retlector 1s applied should let visible light
through, it need not be completely transparent. The substrate
and the multilayer optical film that form the visible light-
transmitting reflector may also be translucent and still allow
visible light 1into a building or other structure, for example.
However, the substrate should not be provided with any
coating or sheeting that would destroy the visible light-
transmitting properties of the retlector. For example, no
opaque white, black, or metallic film or paint should be
applied on the substrate or the multilayer optical film of the
visible light-transmitting reflector.

The visible light-transmitting retlector, and therefore any
portion thereot, 1s typically compliant, which means that the
visible light-transmitting retlector 1s dimensionally stable
but pliable enough to enable molding or shaping into various
forms. In some embodiments, the materials selected for the
visible light-transmitting reflector have less than 10% by
weight film formers (crosslinking agents or other multifunc-
tional monomers), based on the total weight of the materials.

Solar energy devices described herein may be designed to
have a varniety of sizes, shapes, and configurations of the
photovoltaic cell or solar thermal collector and the visible
light-transmitting retlector depending on the desired appli-
cation. In some embodiments, the visible light-transmitting
reflector comprises a multilayer optical film formed into
multiple reflective surfaces that reflect onto multiple photo-
voltaic cells or solar thermal collectors. For example, the
visible light-transmitting reflector may be formed 1nto
shapes or dimensions conventionally used for solar concen-
trators (e.g., troughs or parabolic dishes). In some of these
embodiments, the multilayer optical film 1s thermoformed.
Thermoforming 1s generally described mm U.S. Pat. No.
6,788,463 (Merrill et al.), herein incorporated by reference
in its enftirety. The multiple photovoltaic cells or solar
thermal collectors and multiple reflective surfaces can be
arranged 1n a variety of ways. Thermoformed polymeric
designs are lightweight and when designed with a low
profile can eliminate the need for expensive photovoltaic
racking.

Solar energy devices described herein can be used, for
example, a sign (e.g., an advertising sign or a tratlic sign), on
the side and/or root, as well as 1n a window, of a building.
The solar energy device may be nstalled, for example, as
part of a building and allow visibility of the graphic film or
lighted display positioned closer to the second major surface
of the visible light transmitting reflector.

In some embodiments of solar energy device described
herein, the power output of the photovoltaic cell or solar
thermal collector 1s increased by at least 10 (in some
embodiments, at least 135, 20, or even at least 25) percent 1n
comparison to an equivalent photovoltaic cell or a solar
thermal collector, as applicable, 1n the absence of any visible
light transmitting mairrors.

Exemplary Embodiments
1A. A solar energy device comprising:

at least one of a photovoltaic cell or a solar thermal

collector having an absorption bandwidth that includes
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at least a portion of the near infrared wavelength region
of the solar spectrum (1.e., at least a portion 1n a range

from 800 nm to 1200 nm);

a visible light-transmitting reflector having first and sec-
ond generally opposed major surfaces, the visible light-
transmitting reflector positioned to retlect light from the
first major surface onto the at least one of a photovol-
taic cell or a solar thermal collector, the visible light-
transmitting retlector comprising a multilayer optical
film having an optical stack comprising a plurality of
alternating first and second optical layers with different
indices of refraction, wherein the multilayer optical
film retlects at least a portion of light in a range of
wavelengths that corresponds with the absorption
bandwidth of the at least one of a photovoltaic cell or
a solar thermal collector; and

at least one of a graphic film (in some embodiments, a
partially transmissive graphic film) or lighted display
positioned closer to the second major surface of the
visible light-transmitting reflector than to the first major
surface of the wvisible light-transmitting reflector,
wherein the graphic film or a lighted display present 1s
visible through the visible light-transmitting reflector.

2A. The solar energy device of Exemplary Embodiment 1A
comprising the lighted display.

3A. The solar energy device of any preceding Exemplary
Embodiment A comprising the graphic film.

4 A. The solar energy device of any Exemplary Embodiment
A, wherein the graphic film 1s a partially transmissive
graphic film.

SA. The solar energy device of any preceding Exemplary
Embodiment A, wherein the solar energy device 1s
installed as part of a building and allows visibility of the
graphic film or lighted display positioned closer to the
second major surface of the wvisible light transmitting
reflector.

6A. The solar energy device of any preceding Exemplary
Embodiment A, wherein the wvisible light-transmitting
reflector has an average visible light transmission of at
least 30 percent.

7A. The solar energy device of any preceding Exemplary
Embodiment A, wherein the multilayer optical film 1s a
visible light transmitting reflector having a left band edge
in a range from 600 nanometers to 1000 nanometers.

8A. The solar energy device of any preceding Exemplary

Embodiment A, wherein the multilayer optical {ilm has an

average light reflection of at least 50 percent at a normal

angle to the multilayer optical film in a wavelength range
selected from the group consisting of 650 nanometers to

1350 nanometers, 650 nanometers to 1500 nanometers,

850 nanometers to 1200 nanometers, and 850 nanometers

to 1500 nanometers.

OA. The solar energy device of any preceding Exemplary
Embodiment A, further comprising an ultraviolet light
protective layer on at least one surface of the visible
light-transmitting reflector.

10A. The solar energy device of Exemplary Embodiment
OA, wherein the ultraviolet light protective layer com-
prises poly(vinylidene difluoride), poly(methyl methacry-
late), and an ultraviolet light absorber.

11A. The solar energy device of Exemplary Embodiment 9A
or 10A, wherein the ultraviolet light protective layer 1s a
multilayer ultraviolet light reflective mirror.

12A. The solar energy device of Exemplary Embodiment
11A, wherein the multilayer ultraviolet light reflective
mirror comprises UV absorbers.
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13A. The solar energy device of any preceding Exemplary
Embodiment A, further comprising a visible light-trans-
mitting substrate to which at least the multilayer optical
film 1s applied.

14A. The solar energy device of any preceding Exemplary
Embodiment A, wherein the multilayer optical film 1s
formed to multiple reflective surfaces that reflect onto
multiple photovoltaic cells or solar thermal collectors.

15A. The solar energy device of any preceding Exemplary
Embodiment A, wherein the multilayer optical film 1s
present 1n multiple parallel ridges separated by multiple
land areas, and wherein multiple photovoltaic cells or
solar thermal collectors are located 1n the multiple land
areas.

16A. The solar energy device of Exemplary Embodiment

15A, wherein each land areas has a single row of photo-
voltaic cells or solar thermal collectors.

1’7A. The solar energy device of any of preceding Exemplary
Embodiment A, further comprising multiple parallel
ridges each having first and second opposing ridge faces,
wherein the visible light-transmitting reflector 1s located
on each first ridge face, and wherein the at least one of a
photovoltaic cell or a solar thermal collector 1s located on
cach second ridge face.

18A. The solar energy device of Exemplary Embodiment
17A, wherein the at least one of a photovoltaic cell or a
solar thermal collector on the second rnidge face are
present as a single row ol photovoltaic cells or solar
thermal collectors, as applicable.

19A. The solar energy device of any preceding Exemplary
Embodiment A, further comprising a visible light trans-
mitting reflector having a parabolic shape.

20A. The solar energy device of any preceding Exemplary
Embodiment A, further comprising a visible light trans-
mitting reflector having a truncated compound parabolic
shape.

21A. The solar energy device of any preceding Exemplary
Embodiment A, further comprising at least one of an
anti-soiling or a scratch-resistant coating on at least one
surface of the visible light-transmitting reflector.

22A. The solar energy device of any preceding Exemplary
Embodiment A, wherein the power output of the at least
one of a photovoltaic cell or a solar thermal collector 1s
increased by at least 10 (1n some embodiments, at least 15,
20, or even at least 25) percent 1n comparison to an
equivalent photovoltaic cell or solar thermal collector, as
applicable, in the absence of any visible light transmitting
Mmirrors.

23 A. The solar energy device of any preceding Exemplary
Embodiment A comprising the graphic film.

24 A. The solar energy device of any of Exemplary Embodi-
ments 1A to 22A comprising the lighted display.

25A. The solar energy device of any Exemplary Embodi-
ment 24A, wherein the lighted display 1s a liquid crystal
display.

26A. The solar energy device of any preceding Exemplary
Embodiment A comprising the photovoltaic cell.

27A. The solar energy device of Exemplary Embodiment
26 A, wherein the photovoltaic cell 1s one of a crystalline
silicon single junction cell, a ribbon silicon cell, an
amorphous silicon photovoltaic cell, a copper indium
gallium selemde cell, a cadmium telluride photovoltaic
cell, an organic photovoltaic cell, or a gallium arsenide
cell.

28A. The solar energy device of any of Exemplary Embodi-
ments 1A to 25A comprising the solar thermal collector.
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29A. A sign comprising the solar energy device of any
preceding Exemplary Embodiment A used as a sign for
advertising.

30A. The sign of Exemplary Embodiment 29A that 1s an
advertising sign.

31A. The sign of Exemplary Embodiment 29A that 1s a
traflic sign.

32A. A roof of a building, wherein the roof comprises the
solar energy device of any of Exemplary Embodiments
1A to 28A.

33A. A side of a building comprising the solar energy device
of any of Exemplary Embodiments 1A to 28A.

34A. A window comprising the solar energy device of any
of Exemplary Embodiments 1A to 28A.

1B. A solar energy device comprising:

at least one of a photovoltaic cell or a solar thermal
collector having an absorption bandwidth that includes
at least a portion of the near inifrared wavelength region
of the solar spectrum (i.e., at least a portion 1n a range
from 800 nm to 1200 nm);

a visible light-transmitting reflector having first and sec-
ond generally opposed major surfaces, the visible light-
transmitting retlector positioned to reflect light from the
first major surface onto the at least one of a photovol-
taic cell or a solar thermal collector, the visible light-
transmitting reflector comprising a multilayer optical
film having an optical stack comprising a plurality of
alternating first and second optical layers with different
indices of refraction, wherein the multilayer optical
film retlects at least a portion of light 1n a range of
wavelengths that corresponds with the absorption
bandwidth of the at least one of a photovoltaic cell or
a solar thermal collector; and

a partially transmissive graphic film positioned closer to
the first major surface of the visible light-transmitting
reflector than to the second major surface of the visible
light-transmitting reflector, wherein infrared light
passes through the partially transmissive graphic film.

2B. The solar energy device of any preceding Exemplary

Embodiment B, wherein the wvisible light-transmitting

reflector has an average visible light transmission of at

least 30 percent.
3B. The solar energy device of any preceding Exemplary

Embodiment B, wherein the multilayer optical film 1s a

visible light transmitting reflector having a left band edge

in a range from 600 nanometers to 1000 nanometers.
4B. The solar energy device of any preceding Exemplary

Embodiment B, wherein the multilayer optical {ilm has an

average light reflection of at least 50 percent at a normal

angle to the multilayer optical film 1n a wavelength range
selected from the group consisting of 650 nanometers to

1350 nanometers, 650 nanometers to 1500 nanometers,

850 nanometers to 1200 nanometers, and 850 nanometers
to 1500 nanometers.

5B. The solar energy device of any preceding Exemplary
Embodiment B, further comprising an ultraviolet light
protective layer on at least one surface of the visible
light-transmitting retflector.

6B. The solar energy device of Exemplary Embodiment 5B,
wherein the ultraviolet light protective layer comprises
poly(vinylidene difluoride), poly(methyl methacrylate),
and an ultraviolet light absorber.

7B. The solar energy device of Exemplary Embodiment 5B
or 6B, wherein the ultraviolet light protective layer 1s a
multilayer ultraviolet light reflective mirror.
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8B. The solar energy device of Exemplary Embodiment 7B,
wherein the multilayer ultraviolet light reflective mirror
comprises UV absorbers.

OB. The solar energy device of any preceding Exemplary
Embodiment B, further comprising a visible light-trans-
mitting substrate to which at least the multilayer optical
film 1s applied.

10B. The solar energy device of any preceding Exemplary
Embodiment B, wherein the multilayer optical film 1s
formed into multiple reflective surfaces that reflect onto
multiple photovoltaic cells or solar thermal collectors.

11B. The solar energy device of any preceding Exemplary
Embodiment B, wherein the multilayer optical film 1s
present 1n multiple parallel ridges separated by multiple
land areas, and wherein multiple photovoltaic cells or
solar thermal collectors are located in the multiple land
areas.

12B. The solar energy device of Exemplary Embodiment
11B, wherein each land areas has a single row of photo-
voltaic cells or solar thermal collectors.

13B. The solar energy device of any of preceding Exemplary
Embodiment B, further comprising multiple parallel
ridges each having first and second opposing ridge faces,
wherein the visible light-transmitting reflector 1s located
on each first ridge face, and wherein the at least one of a
photovoltaic cell or a solar thermal collector 1s located on
cach second rnidge face.

14B. The solar energy device of Exemplary Embodiment
13B, wherein the at least one of a photovoltaic cell or a
solar thermal collector on the second rnidge face are
present as a single row of photovoltaic cells or solar
thermal collectors, as applicable.

15B. The solar energy device of any preceding Exemplary
Embodiment B, further comprising a visible light trans-
mitting reflector having a parabolic shape.

16B. The solar energy device of any preceding Exemplary
Embodiment B, further comprising a visible light trans-
mitting reflector having a truncated compound parabolic
shape.

1’7B. The solar energy device of any preceding Exemplary
Embodiment B, further comprising at least one of an
anti-soiling or a scratch-resistant coating on at least one
surface of the visible light-transmitting reflector.

18B. The solar energy device of any preceding Exemplary
Embodiment B, wherein the power output of the at least
one of a photovoltaic cell or a solar thermal collector 1s
increased by at least 10 (1n some embodiments, at least 15,
20, or even at least 25) percent 1n comparison to an
equivalent photovoltaic cell or solar thermal collector, as
applicable, in the absence of any visible light transmitting,
Mmirrors.

19B. The solar energy device of any preceding Exemplary
Embodiment B comprising the graphic film.

20B. The solar energy device of any of Exemplary Embodi-
ments 1B to 18B comprising the lighted display.

21B. The solar energy device of any Exemplary Embodi-
ment 20B, wherein the lighted display 1s a liqud crystal
display.

22B. The solar energy device of any preceding Exemplary
Embodiment B comprising the photovoltaic cell.

23B. The solar energy device of Exemplary Embodiment
228, wherein the photovoltaic cell 1s one of a crystalline
silicon single junction cell, a ribbon silicon cell, an
amorphous silicon photovoltaic cell, a copper indium
gallium selemde cell, a cadmium telluride photovoltaic
cell, an organic photovoltaic cell, or a gallium arsenide
cell.
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24B. The solar energy device of any of Exemplary Embodi-
ments 1B to 21B comprising the solar thermal collector.

25B. A sign comprising the solar energy device of any
preceding Exemplary Embodiment B used as a sign for
advertising.

26B. The sign of Exemplary Embodiment 23B that 1s an
advertising sign.

2’/B. The sign of Exemplary Embodiment 235B that 1s a
traflic sign.

28B. A roof of a building, wherein the roof comprises the
solar energy device of any of Exemplary Embodiments
1B to 24B.

29B. A side of a building comprising the solar energy device
of any of Exemplary Embodiments 1B to 24B.

30B. A window comprising the solar energy device of any of

Exemplary Embodiments 1B to 24B.

Foreseeable modifications and alterations of this disclo-
sure will be apparent to those skilled in the art without
departing from the scope and spirit of this invention. This
invention should not be restricted to the embodiments that
are set forth 1n this application for illustrative purposes.

What 1s claimed 1s:

1. A solar energy device comprising:

at least one of a photovoltaic cell or a solar thermal
collector having an absorption bandwidth that includes
at least a portion of the near infrared wavelength region
of the solar spectrum:;

a visible light-transmitting reflector having first and sec-
ond generally opposed major surfaces, the visible light-
transmuitting reflector positioned to reflect light from the
first major surface onto the at least one of a photovol-
taic cell or a solar thermal collector, the visible light-
transmitting retlector comprising a multilayer optical
film having an optical stack comprising a plurality of
alternating first and second optical layers with different
indices of relfraction, wherein the multilayer optical
film retlects at least a portion of light in a range of
wavelengths that corresponds with the absorption
bandwidth of the at least one of a photovoltaic cell or
a solar thermal collector; and

at least one graphic film positioned closer to the second
major surface of the visible light-transmitting reflector
than to the first major surface of the wvisible light-
transmitting reflector, wherein the graphic film 1s vis-
ible through the visible light-transmitting reflector and
includes at least one of a pattern or image.

2. The solar energy device of claim 1, wherein the graphic

film 1s a partially transmissive graphic film.

3. The solar energy device of claim 1, wherein the solar
energy device 1s installed as part of a building and allows
visibility of the graphic film positioned closer to the second
major surface of the visible light transmitting retflector.

4. The solar energy device of claim 1, wherein the visible
light-transmitting reflector has an average visible light trans-
mission of at least 30 percent.

5. The solar energy device of claam 1, wherein the
multilayer optical film 1s a visible light transmitting reflector
having a left band edge 1n a range from 600 nanometers to
1000 nanometers.

6. The solar energy device of claim 1, wheren the
multilayer optical film has an average light reflection of at
least 50 percent at a normal angle to the multilayer optical
film 1n a wavelength range selected from the group consist-
ing of 650 nanometers to 1350 nanometers, 650 nanometers
to 1500 nanometers, 850 nanometers to 1200 nanometers,
and 850 nanometers to 1500 nanometers.
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7. The solar energy device of claim 1, further comprising
multiple parallel ridges each having first and second oppos-
ing ridge faces, wherein the visible light-transmitting retflec-
tor 1s located on each first ridge face, and wherein the at least
one ol a photovoltaic cell or a solar thermal collector 1s
located on each second rnidge face.

8. The solar energy device of claim 7, wherein the at least
one ol a photovoltaic cell or a solar thermal collector on the
second ridge face are present as a single row of photovoltaic
cells or solar thermal collectors, as applicable.
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